Thermal comfort providing is one of the biggest uses of energy in building. For giving better human comfort, the suitable operation conditions of air-conditioner are the most important. The quick and right approach is necessary. In this paper, a small office is studied to improve office staff staying for a long period of time and achieve the thermal comfort environment for reducing energy consumption. Commercial software, Solidworks, is utilized for modeling the facilities and the Flow Simulation module for analyzing the air properties of the indoor space. Four types of air-conditioner operation are applied to set the simulated conditions, including exterior temperature, outlet temperature and wind speed of air-conditioner, and location of air-conditioner. Predicted mean vote (PMV) and predicted percent dissatisfied (PPD) at specific office areas are further acquired through dynamic anthropometry. For seeking the optimal control factors, both of the full factorial method and Taguchi method are utilized to obtain the PMV of specified location. The analyzed result shows the evaluation speed of indoor thermal comfort by Taguchi method is faster than the fullfactorial method. It is concluded that software simulation with Taguchi method shows the successful implementation and higher efficiency for thermal comfort assessment.
Introduction
National policies in sustainable development and favorable living environments are inevitable for people in the past years. Most importantly, under different environmental requirements and comfort conditions, indoor thermal comfort could be regulated through air-conditioning systems and ventilating equipment with time evolution and technological development. Nevertheless, energy consumption becomes a primary issue for sustainable development. Achieving the favorable comfort and lower energy utilization through the optimal design has become the major concern of many researchers. The environmental climate has changed the conditions of temperature, humidity, and wind direction that people's perceived comfort would be directly affected. In architecture design, air-conditioning or ventilating equipment could be applied to regulating the relative thermal parameters so as to achieve the heat balance of human bodies. It is generally regarded as thermal comfort design. Not until the improvement of heating technology in the end of 18th century and the development of mechanical freeze-drying technique in the beginning of 20th century that the research on thermal comfort was boomed [1] .
Thermal comfort assessment is generally considered from human's metabolism, in which the heat could be properly emitted to the environment. It is the so-called human heat balance, where the parameters contain heat production in metabolism, change of heat radiation, heat flow (including breath), heat conduction, and latent heat used in water evaporation process. Each item presents complicated transfer system. Gagge [2] first proposed Generalized Thermal Balance Model in 1936 to establish the balance equation for heat absorption and consumption of human bodies with mathematical model. Such an equation was further 2 Mathematical Problems in Engineering reinforced and modified for several times and then two approaches for the research on heat balance were appeared. One is Two-Node Model, proposed by Pierce Lab, which sets a node from the center of body to skin and another node from skin to the atmosphere to consider the heat flow direction in the process. The other is Fanger proposed comfort equation [3] , which transfers metabolic rate of human bodies into net heating value required for thermal comfort. Appropriately introducing comfort measurement into mathematical equations provides broad research space. Furthermore, comfort covers spiritual satisfaction that both physiological and psychological factors should be considered in the evaluation process [4] . The major factors in the heat dissipation of human bodies are classified as follows.
(1) Environmental factors, including air temperature, wind speed, humidity, and radiation.
(2) Personal factors, containing metabolic rate (under different activities), clothing, health conditions, and environmental adaptation.
(3) Auxiliary factors, covering food and drink, physical appearance, subcutaneous fat, age, and gender.
Most evaluation indicators need to match with the measurement of temperature and wind speed at regional spots and the questionnaire content to achieve specific regional thermal comfort. For instance, Lin et al. [5] measured the thermal comfort of a briefing room in a university and calculated the indoor comfort to establish the reference for domestic thermal comfort. Cheng et al. [6] monitored the thermal environments with and without shelters on a university campus and investigated subjective questionnaire data and objective field measurement that tree shadow could effectively enhance thermal comfort. Nonetheless, such research was restricted in the quantity and setting of equipment that large-area measurement could not be proceeded. Meanwhile, the environmental factors could not be controlled according to the research's requirements. Some researchers, with numerical analyses, therefore predicted the properties of air in specific space with computational fluid dynamics (CFD). There have been some research results with CFD. Cheng et al. [7] reviewed thermal comfort model in 2012, explained the relative contents, and preceded the numerical analysis of a small-scale office with CFD. Chiang et al. [8] evaluated thermal comfort in the offices in subtropical regions by floor cooling and mechanical ventilating systems. Such analyzed results and design conditions could effectively enhance energy use efficiency and thermal comfort [9] .
Although the above methods could rapidly calculate the simulated value, the number of simulation times was so many that it took more time in such a full-factorial experiment. A lot of researchers therefore applied Taguchi Quality Engineering to the studies. Ismail et al. [10] utilized Taguchi methods for optimizing thermal comfort evaluation and environmental factors to ensure the effects of environmental factors of luminance (lux), relative humidity (%), and WBGT ( ∘ C) on the productivity of mobile manufacturers in Malaysia. Chlela et al. [11] simplified the design process to design low energy consumption buildings. Summing up the above explanations, Taguchi Quality Engineering has been gradually developed. In this paper, digital 3D model of a small office is used for constructing the interior objects and numerical simulation instrument for engineering is introduced to analyze the temperature and wind speed at various locations in a space so as to acquire the full-factorial PMV, which is further compared with Taguchi Quality Engineering to verify the applicability of Taguchi methods in this experiment. The airconditioned system control conditions in such a space are then acquired for estimating the thermal comfort of the office.
Research Principle
Taking a real small office as the research subject, the temperature, wind speed, and humidity at discrete points, under distinctly designed conditions, are acquired through the procedure of CFD. PMV and PPD of thermal comfort are further calculated to evaluate the thermal comfort of the office. PMV and Taguchi Quality Engineering are further utilized for the evaluation, which is used for comparing the difference in the optimization design process.
In the fluid mechanics, the flow characteristics can be derived by three governing equations, which are as follows:
(a) conservation of mass
(b) momentum equations
(c) energy equation (temperature form)
where is the density of the control volume for the flow; is the flow velocity component of each direction; is the position vector of the flow field; eff is the effective viscosity; is the pressure value; is the body force for each direction; is the loading of three directions; is the temperature; eff is the effective thermal conductivity; is the internal heat generation; pm is the specified heat at constant pressure.
The factors in thermal comfort of human bodies contain physiological and psychological factors, which are rather complicated. Nevertheless, most standards for thermal comfort are referred to ISO 7730 [12] of International Organization for Standardization and ASHRAE Standard 55 [13] of American Society of Heating, Refrigerating, and AirConditioning Engineers, where PMV and PPD are focused [14] . Moreover, in the PMV model promoted by Fanger, PMV was divided into seven scales, according to the thermal perception of human bodies. 
where cl is acquired with iteration, as below
And the PPD is defined as
A space in a working environment is designed for use or operation that the size is designed according to human bodies at various states. The physical size of human bodies is generally divided into static anthropometry and dynamic anthropometry. The latter aims to measure the activity angle and stretch space physically under fixed standard posture or working states that it could be the design reference of machines and working environments. Considering the office staff staying in a small space for a long period of time, the area is set with the coverage of dynamic measurement. The highest sitting posture of human bodies with rising hands could reach 167.8 cm. At the working status, the circular radius for fist exercise with shoulder width reaches 97.5 cm. The cylinder areas formed by the above two sizes become the volume coverage to evaluation regional PMV. After acquiring the values of PMV and PPD of various nodes in the cylinder, the mean is acquired for the comfort evaluation.
In the Taguchi experimental design [15] , the quantified experimental results are called the quality characteristics, which can achieve the ideal target by determining the control factors in the parameter design. In order to solve a problem, an engineer needs to definitely understand the quality characteristics of products and the problem and list the factor levels in quality characteristics with a fishbone diagram or the equivalent method. To achieve the experiment with the most efficient cost, the orthogonal array is selected based on the control factors and the levels, attempting to achieve the required quality characteristics with the most precise experiment. The experimental data are further analyzed with factor reaction analysis and analysis of variance to adjust the control factors, allowing the quality characteristics approaching the deal function to be the optimal design. The orthogonality in an orthogonal array presents the same frequency in all level combinations between two rows in the experimental design. In this research, the orthogonal array L9 (3 4 ) is used to evaluate the optimal design of indoor thermal comfort. There are 4 factors with 3 levels for 9 sets of experiment. The predicted value of PMV can be calculated by the additive model as
where A , B , C , and D are the reaction value with respect to A, B, C, and D factor. is the average for total reaction value.
Research Method
The 3D configuration of a small office is shown in Figure 1 . There are two desks, four cabinets, two sofa chairs, and two working counters are covered. Two working staff members are sitting at the desks, where there are the heat source and the comfort evaluation area. Three air-conditioners are about to be equipped on top of the room for evaluating the comfort with distinct locations and wind speed. The air outlets are on the top right of the air-conditioners, and merely the bottom of the door shows the air breather.
Furniture in an office is quite complicated because of the aesthetics, appearance, and materials. Nevertheless, such facilities are not the heat source. Since the analysis in this study is preceded under low wind speed, the detailed sizes Traditionally, the characteristics of thermal comfort in each operating condition should be derived using fullfactorial experiment method; 3 4 = 81 sets of experiments or events are required. Aiming at the efficient approach for the thermal comfort assessment, Taguchi Quality Engineering is utilized for the analysis. First, through the above cases and operating conditions, the orthogonal array is designed with 4 × 3 factors for the stability of the system, and L 9 (3 4 ) orthogonal arrays are selected for total 9 sets of experiments. Next, the thermal comfort indices, PMV and PPD, are analyzed for the specified region. Finally, the difference of PMV for two approaches is compared to show the efficiency of Taguchi method.
Result and Discussion
Through the above procedure and the analysis with Solidworks Flow Simulation, the temperature, wind speed, surrounding temperature (heat radiation), and humidity in the space and the boundary could be calculated for extracting the physical conditions in the meshes in a specific area. Figure 3 shows the obtained results for the specified height ℎ = 0.75 m. PMV and PPD, introduced in research principle, are used for the evaluation. The analyzed PMV envelope is illustrated in Figure 4 . The operation of air-conditioning systems at two locations is analyzed as follows. Figure 5 , in which the air-conditioner temperature is the major factor in the experiment, followed by wind speed, and outdoor temperature shows the least effects.
Computational Results following Taguchi

PMV Value Prediction by Taguchi
Method. PMV at the front seat approaches 0 under the same settings of outer wall temperature 30 ∘ C, air-conditioner temperature 15 ∘ C, wind speed at the outlet air 10 m/s, and the air-conditioner on the top right of the office. Under the four control factors, PMV value is fluctuated between +1 to −1, when the air-conditioner also operates at 15 ∘ C and 17.5 ∘ C, presenting the PMV indicator of thermal comfort. Consequently, outer wall 32 ∘ C, air outlet temperature 15 ∘ C, air speed 8 m/s and top right location for the air-conditioner operation; PMV approaches 0 (Table 1) , revealing the air-conditioned operation conditions using full-factor method. Applying Taguchi methods to analyze the simulation value and using the mean of Nominal the Best for the experiment, the result is similar to the fullfactor as in Table 2 . And the PMV difference between fullfactorial method and Taguchi method is shown in Table 3 . By comparing the PMV value from three table, it is proven that Taguchi methods could be utilized for indoor thermal comfort assessment. The number of times and time of the simulation could therefore be significantly reduced, and the full-factor value could be directly acquired through Taguchi methods.
Conclusion
Aiming at a small-scale office, Solidworks is utilized for the facility modeling to discuss the comfort evaluation under distinct operation conditions, and both full-factorial method and Taguchi method are applied. According to the above analyses and research results, the following conclusions are organized. Table 2 : The predicted PMV value using Taguchi method.
Air outlet = 15 ∘ C A i r o u t l e t = 17. (1) Numerical simulation with computational fluid dynamics allows calculating wind speed, temperature, and heat radiation at distinct locations under different operation conditions of air-conditioning systems that it can be applied to the thermal comfort assessment of offices.
(2) From the analyses, the PMV difference values between full-factorial method and Taguchi methods, under same control conditions, do not exceed 0.11, proving that Taguchi methods could replace fullfactorial methods for thermal comfort assessment.
(3) According to the factor analysis, the importance of design parameters is sequenced as location of airconditioner, outlet air speed of air-conditioner, temperature of air-conditioner, and outdoor temperature.
Mathematical Problems in Engineering 7 (4) The higher simulation efficiency can be derived by introducing Taguchi method. Compared to the fullfactorial method, the time of computational simulation is only 1/9 for four-factor experiment.
Such a research result allows interior designers and mechanical engineers to predict the interior thermal comfort in the beginning of design, through computer simulation and additive model in Taguchi methods.
